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Figure 1. Appraisal and choice form distinct variable clusters. A. Participants rated 
consumer goods individually before choosing between pairs of those items. They subsequently 
rated their subjective experiences of those choices (set liking [appraisal], confidence, and 
anxiety). B. A PCA identified two principal components in our variable set, clustering naturally 
into variables associated with appraisal (PC1) versus choice (PC2). Left: Visualization of the 
component loadings. Right: Visualization of the relationships between the components and two 
sets of example variables, associated with the individual option values that constituted a given 
choice (left column) and subjective ratings of a given choice set (right column).  

 

Appraisal and Choice Comparison: neural correlates with distinct timing and distributions 

We predicted that we would find a temporal dissociation between neural activity 

associated with appraisal versus choice, whereby appraisal-related activity would be temporally 

coupled with the onset of the stimuli whereas choice comparison-related activity would be 

temporally coupled with the response. Given that a number of different variables captured our 

two constructs of interest - for instance, appraisal was captured by the overall (average) value of 
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the choice set and subjective ratings of set liking, and choice was captured by the relative 

difference between the option values and subjective ratings of confidence - we used a principal 

component analysis (PCA) to reduce the dimensionality of these measures and improve the 

robustness of our estimates of each construct.. This PCA identified 2 reliable principal 

components (Fig. 1B, Table S1), one of which was associated with how positively the options 

had been assessed (e.g. positively loading on overall value and on ratings of choice set liking) 

and the other associated with how certain participants were about their choices (e.g. negatively 

loading on value difference and on ratings of choice confidence). We termed these the Appraisal 

PC and Choice PC, respectively. 

We regressed stimulus and response-locked EEG activity against these appraisal- and 

choice-related PCs, and found that they mapped onto distinct spatiotemporal patterns (Fig. 2). In 

line with our predictions, we observed significant Appraisal PC-related activity locked to (and 

following) stimulus onset (Fig. 2A), but not locked to the response (neither preceding nor 

following). The stimulus-locked cluster had a parietal distribution, peaking around 710 ms at 

CP2 (p = .040, cluster permutation corrected). Further in line with our hypothesis, we observed 

significant Choice PC-related activity locked to (and preceding) the response (Fig. 2B), but not 

to the stimulus. The response-locked Choice PC activity was reflected in a frontocentral positive 

cluster, peaking around -566 ms at FC4 (p = .002), and a posterior negative cluster, peaking 

around -818 ms at P5 (p <.001). Similar effects were observed when performing separate 

analyses on variables that constituted each of the PCs (Table S2). 
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Figure 2. Appraisal and Choice display dissociable spatio-temporal profiles. Curves show 
predicted ERPs from the regression model averaged within the electrodes in the respective 
cluster. Cluster time points are visualized with the grey bar. The topographies displays t-values 
within the cluster aggregated across cluster time points. On the right of each panel is the 
individual participants’ regression coefficients aggregated within the cluster times and 
electrodes. A. Time course and topography of stimulus-locked effects of Appraisal PC. 
Centroparietal positive activity increases with more positive appraisal. B. Time course and 
topography of response-locked effects of Choice PC. Posterior positivities and fronto-central 
negativities are reduced for higher Choice PC scores (more difficult trials) preceding the 
response.  

 

Follow-up analyses showed that neither of these components could be accounted for by 

response time, which covaried with our two PCs. We exported activity in the significant time 

window at the electrodes constituting the clusters, and simultaneously regressed average 

activation in those clusters on our Choice and Appraisal PCs, while covarying RT. While activity 

in the frontal and posterior Choice Clusters did track RT (frontal: b = 1.18, t = 9.02, p = 3.81e-10, 

posterior: b = 1.67, t = - 8.34, p = 9.55e-9), the effect of Choice PC held while controlling for 

this (frontal: b = 0.46, t = 3.77, p = .00016, posterior: b = -0.55, t = 3.45, p = .00057). Similarly, 

we found that activity in the Appraisal Cluster significantly tracked Appraisal PC (b = 0.37, t = 

2.12, p = .044) after controlling for RT (b = - 0.72, t = - 5.35, p = 9.47e-8). We also confirmed 
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the dissociation found in our cluster-based analyses: there was no significant effect of the 

Appraisal PC on activity in either Choice cluster (|b| < 0.13, |t| < 1.12, p > .260) nor of the 

Choice PC on the Appraisal Cluster (b = .31, t = 1.50, p = .134).  

To summarize, we observed a consistent pattern of appraisal-related activity reflected at 

parietal sites following stimulus onset, consistent with a common ERP component indexing 

affective processing (LPP; Abdel Rahman, 2011; Schacht et al., 2012; Suess & Abdel Rahman, 

2015). By contrast, choice-related activity (correlated with increasing choice certainty) was 

reflected in fronto-central negativities and posterior positivities preceding the response, 

consistent with fronto-parietal coupling implicated in value-based decisions (Polania, Krajbich, 

Grueschow, & Ruff, 2014; Polania et al., 2015). The distinct topographies and stimulus- vs 

response-coupling associated with appraisal and choice support the hypothesis that these reflect 

distinct psychological processes. 

Variability in behavior and choice-related neural activity is predicted by a neural signature 

of item-specific value certainty 

Previous work suggests that the process of choosing between a set of items should be 

influenced by how certain we are about the values we assign to each of those options (Polanía, 

Woodford, & Ruff, 2019). This suggests that, to the extent activity in the response-locked 

clusters is associated with choice-related processes, we should similarly find that this activity is 

influenced by option value certainty. We tested this hypothesis using a novel approach, 

integrating neural data collected both during the choice period and during earlier evaluations of 

each item individually.  

Previous studies have shown that evaluations at the extremes of a rating scale are 

associated with greater certainty (Bays & Dowding, 2017; Madan & Spetch, 2012), and are 
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therefore faster, than ratings closer to the center of the scale (Lebreton, Abitbol, Daunizeau, & 

Pessiglione, 2015; Polanía et al., 2019); RTs collected during our item evaluation phase mirrored 

this predicted U-shaped pattern, fastest when evaluating a given item as very low or very high in 

value (Fig. 3A, top). To identify signatures of item certainty, we therefore tested for patterns of 

EEG activity that demonstrated the same U-shaped relationship with item value. We found such 

a pattern between 114 and 242 ms following stimulus onset at frontocentral sites, peaking around 

210 ms at FC4 (p = .002; Fig. 3A, bottom, Fig. 3B), consistent with a fronto-central N1 

component. This early neural correlate of rating extremity is consistent with previous findings, 

that motivational salience can affect stimulus processing within the first 250 ms (i.e. at the pre-

perceptual stage; Pourtois, Dan, Grandjean, Sander, & Vuilleumier, 2005; Zhang, Luo, & Luo, 

2013). If the fronto-central N1 provides an index of value certainty, variability in its amplitude 

should predict variability in the time it takes to evaluate a given option, above and beyond 

correlations between this amplitude and value extremity. Consistent with this prediction, we 

found that average single-trial N1 amplitude indeed predicted faster item evaluation RTs (b = 

0.23, t = 4.08, p <.001; Fig. 3C), even after controlling for (linear and quadratic) effects of item 

value on this N1 signal. Thus, one’s certainty about an item’s value affected their processing of 

that item within the first 250 ms following its presentation, and this certainty was indexed by the 

amplitude of the fronto-central N1.  
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Figure 3. An early neural index of value certainty. A. Top: RTs are shorter for extreme 
values. Bottom: N1 amplitude is higher for more extreme values. B. Time course and 
topography of value extremity effects. Curves show predicted ERPs from the regression model 
averaged within the electrodes in the respective cluster. Cluster time points are visualized with 
the grey bar. The topography displays t-values within the cluster aggregated across cluster time 
points. C. N1 amplitude predicts rating RT above and beyond value effects. Lines shown in 
Panels A and C represent predicted effects from linear mixed effects regressions. Shaded error 
bars represent 95% confidence intervals.  

 

To validate this novel neural index of item-specific option value certainty (estimated 

during the item evaluation phase), we next tested whether behavior during the choice phase was 

modulated by the certainty indices associated with those options, as would be expected if this N1 

signal was a valid proxy for option certainty (Polanía et al., 2019). Based on previous work, we 

predicted that increases in item-specific N1 (i.e., increasing option value certainty) would be 

associated with a stronger influence of option values on choice and RTs (Fig. 4 A). We found 

evidence for both forms of certainty-related choice modulation. Consistent with our hypothesis, 

N1 to the left item significantly modulated left item value effects on choice (b = 7.25, t = 2.09, p 

= .036; Fig. 4B). Overall, the left item was more likely to be chosen the higher its value, but this 
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relationship between value and choice diminished as N1 to the left item decreased. Similarly, 

while choice RTs were faster as the value of the left item increased (Hunt & Hayden, 2017; Hunt 

et al., 2012; Pirrone, Azab, Hayden, Stafford, & Marshall, 2017; Teodorescu, Moran, & Usher, 

2016), this relationship between value and RT also decreased as the left item N1 decreased (b = 

1109.79, t = 2.44, p = .015 Fig. 4B). Thus, reduced certainty in the left item value as indicated by 

smaller N1, muted the impact of its value on choices and RTs (Fig. 4B).  

These item certainty effects are qualified by the fact that we only observed them for the 

item on the left of the screen - the right item NI did not modulate the influence of the right item 

value on choices or RTs (Choice: b = 1.23, t = 0.59, p = .553; RT: b = 385.27, t = 0.83, p = .406). 

While this asymmetry was unexpected, follow-up analyses suggest that it reflects the fact that 

participants fixated the left item first, and then evaluated the right item with reference to that left 

item (see Fig. S1 and Supplemental Results; cf. Krajbich & Rangel, 2011; S. M. Smith & 

Krajbich, 2019). 

 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/609198doi: bioRxiv preprint first posted online Apr. 16, 2019; 

http://dx.doi.org/10.1101/609198


SPATIOTEMPORAL MECHANISMS OF APPRAISAL AND CHOICE 17 

 
Figure 4. Value certainty decreases value effects on choice behavior. A. Predicted effects of 
value certainty on choice consistency and choice RT, respectively. B. Reduced value certainty 
decreases left item value effects on choice and RT. Lines represent predicted effects from linear 
mixed effects regressions. Shaded error bars represent standard error of the mean.  

 

Given that left item certainty influenced the relationship between left item value and 

choice behavior, we next explored whether similar effects were evident in the neural activity 

associated with choice. We found that activity in our Choice Clusters reflected an interaction 

between the value of the choice set and one’s certainty about the value of the left item (frontal: b 

= 7.37, t = 2.55, p = .011, posterior: b = -10.38, t = -2.73, p = .0063). Mirroring the effects we 

observed in choice behavior, activity in these clusters scaled with overall choice set value when 

left item certainty was high, but not when it was low (Fig. 5B). These effects held when 

controlling for RT (frontal: b = 6.13, t = 2.17, p = .030, posterior: b = -8.70, t = -2.35, p = .020). 

Thus we provide preliminary evidence that activity in our Choice Cluster was influenced by item 
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certainty, but this is qualified by the unexpected finding that (in contrast to our behavioral 

findings) the influence of certainty on choice value processing was significant for overall set 

value but not for the left item value alone. Consistent with our prediction that certainty about an 

option’s value should specifically affect choice-related behavior and neural activity, item 

certainty did not significantly influence value-related EEG activity in our Appraisal cluster (b = -

3.96, t = -0.85, p = .396; Fig. 5A).  

 
Figure 5. Left item value certainty modulates value effects on choice cluster activity. A. 
Appraisal related activity is not reliably modulated by value certainty. B. Choice-related activity 
is jointly modulated by value and left item value certainty. Lines represent predicted effects 
from linear mixed effects regressions. Shaded error bars represent standard error of the mean. 

 

Discussion 

People can evaluate a set of options by appraising its overall value or by comparing the 

options with one another to make a choice (Shenhav & Karmarkar, 2019). Using fMRI, previous 

work has associated these two processes with distinct affective experiences and distinct (but 

partially overlapping) neural circuits (Shenhav & Buckner, 2014; Shenhav, Dean Wolf, & 

Karmarkar, 2018; Shenhav & Karmarkar, 2019). These findings were interpreted as reflecting a 

fundamental dissociation between the mechanisms underlying appraisal and choice, with the 

assumption being that these two processes may be differentially tied to processing of stimuli 

versus responses. We tested this temporal prediction directly, demonstrating the predicted 
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dissociation between appraisal- and choice-related EEG signals that were distinct in their 

temporal and topographic profiles. As predicted, appraisal-related activity was time-locked to the 

presentation of the stimuli (consistent with an initial evaluation of one’s options) whereas choice-

related activity was time-locked to the decision (consistent with an association with the choice 

comparison that ensues). Using the high temporal resolution afforded by EEG, we were also able 

to provide unique and novel evidence that the latter activity pattern is associated with choice 

rather than appraisal. We showed preliminary evidence, that Choice Cluster activity was 

influenced by how certain the participants were about the value of each of their options, as would 

be expected if this EEG signal were capturing processes related to the comparison between 

(rather than overall appraisal of) one’s options. 

On their face, these findings would seem to be accounted for by the proposal that 

correlates of appraisal and choice emerge from a common decision process. Previous work has 

shown that value-based decisions can be described by models of evidence accumulation (Hunt & 

Hayden, 2017; Hunt et al., 2012), according to which neural signals of overall value (one of the 

variables encompassed in our Appraisal PC) should emerge prior to those of value difference 

(one of the variables encompassed in our Choice PC). While the predictions associated with such 

a unitary decision process are broadly consistent with our observation that appraisal-related 

variables and choice-related variables were locked to the start and end of the choice, respectively, 

there is reason to believe that our findings can be better explained by separate mechanisms 

related to appraisal and choice.  

Appraisal related activity was temporally locked to stimulus onset and reflected in a 

parietal positivity. The distribution and timing of this component parallels previous ERP findings 

on single item valuation (Harris, Adolphs, Camerer, & Rangel, 2011; Harris, Clithero, & 
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Hutcherson, 2018), and therefore may be interpreted as reflecting an initial valuation stage prior 

to the onset of an independent choice comparison process (Lim, O'Doherty, & Rangel, 2011; Litt, 

Plassmann, Shiv, & Rangel, 2011; Plassmann, O'Doherty, & Rangel, 2010). At the same time, the 

spatiotemporal profile of the Appraisal Cluster is also consistent with an ERP component 

typically observed while participants view stimuli that induce positive affect, irrespective of its 

task relevance (the late positive potential, LPP; Abdel Rahman, 2011; Schacht et al., 2012; Suess 

& Abdel Rahman, 2015). Accordingly, we found that the variable that best predicted activity in 

our Appraisal Cluster was a participant’s affective appraisal of the set (i.e., set liking, Table S2). 

Thus, appraisal-related activity may reflect initial (and perhaps reflexive) affective reactions to 

the stimuli (cf. Shenhav & Buckner, 2014; Shenhav & Karmarkar, 2019). 

In contrast, choice-related activity was temporally locked to the response, and was 

characterized by a prominent frontocentral negativity and concomitant posterior positivity, 

consistent with previous findings demonstrating increased time-frequency coupling between 

frontoparietal regions during value-based decision-making (Polania et al., 2014; Polania et al., 

2015). There are two potential mechanisms that could account for our finding. First, it is possible 

that activity in this Choice Cluster reflects the evidence accumulation process leading up to the 

choice, which has been shown to correlate with activity in centroparietal regions (Kelly & 

O'Connell, 2013; O'Connell, Dockree, & Kelly, 2012). However, the profile of choice-related 

activity we observed was opposite to that of these previous evidence accumulation findings, 

suggesting that this may not be what is reflected in our Choice Clusters. An alternative account, 

that is more consistent with our findings, suggests that activity in these clusters reflected 

functions associated with monitoring one’s decision confidence (De Martino, Fleming, Garrett, 

& Dolan, 2013), potentially in the service of making higher-order decisions about potential 
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information gain (Desender, Boldt, & Yeung, 2018; Desender, Murphy, Boldt, Verguts, & Yeung, 

2019), rather than functions integral to the choice process itself.  

 The different spatiotemporal patterns of EEG activity we observed during the choice 

period provide evidence for distinct valuation mechanisms underlying appraisal and choice. To 

provide further evidence of this dissociation, we exploited data collected during individual item 

ratings to test the additional prediction that activity in our choice cluster would be modulated by 

one’s certainty in their valuation of a given choice option (cf. Polanía et al., 2019). We identified 

a novel index of item-level value certainty – a frontocentral N1 measured while participants were 

rating each item individually – and tested whether this certainty index influenced behavior and 

neural activity when participants later viewed these items as part of a choice set. As predicted, 

we found that lower item-level certainty was associated with a diminished influence of value on 

choice-related behavior and neural activity. Lower item value certainty (as indexed by the N1) 

was associated with less consistent choices (mirroring findings by Polanía et al., 2019), less 

value-related choice speeding, and altered choice-related EEG activity.  

Our behavioral and neural findings revealed an intriguing asymmetry between the 

relative influence of left and right choice option, with the left item appearing to exert a stronger 

influence. While not predicted, these findings are consistent with two assumptions: that 

participants initially fixate the left rather than the right item (Lopez-Persem, Domenech, & 

Pessiglione, 2016; Ossandon, Onat, & Konig, 2014), and that they evaluate their options in a 

sequential manner (Krajbich, Armel, & Rangel, 2010; S. M. Smith & Krajbich, 2019). Our 

findings corroborate both of these assumptions. We found that the item participants typically 

fixated first (the left item) exerted an outsize influence on their ultimate decision over the item 

that they typically fixated second (the right item). All else being equal, participants were faster to 
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select the left than the right item. For perhaps the same reason, we found that signatures of one’s 

certainty in the value of the left versus right item had an asymmetric influence on their choices 

between those items, and on the choice (but not appraisal) component of our EEG signal. 

Together, these results are consistent with the possibility that participants actively sampled their 

choice set (Hunt et al., 2018; Hunt, Rutledge, Malalasekera, Kennerley, & Dolan, 2016), 

anchoring on one option and then evaluating the other option to the extent they believed it may 

be more valuable. While speculative at this point, this makes predictions for how participants 

sample their choice options and how the order in which they do so shapes their decisions. 

These findings add to a growing literature that suggests that dissociable mechanisms 

drive how we appraise choice options and how we choose among them (Froemer et al., 2019; 

Shenhav & Karmarkar, 2019), and that this dissociation may help to explain why we experience 

competing affective reactions to high-value choices (Shenhav & Buckner, 2014). Together with 

these findings, our results promote an alternate view of past findings on value-based decision-

making, suggesting that neural correlates of subjective value may not always reflect processes 

associated with decision-making per se. Critically, our current findings further reveal that these 

processes not only dissociate at the circuit-level but also at the temporal level. Thus, in addition 

to collecting additional measures to index appraisal and choice, future research should therefore 

leverage neural measures that can properly disambiguate activity locked to different stages of 

evaluation and choice, building further on the foundation laid by past work using such methods 

to examine the dynamics of value-based choice (Harris et al., 2011; Harris et al., 2018; Hunt et 

al., 2012). By dissociating processes associated with appraisal and choice, we hope that future 

work will be able to distinguish between different potential causes of maladaptive choices and 
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affective reactions within healthy and clinical populations, providing avenues to improve a 

person’s ability to assess the options they have and/or the choices they make.  
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Supplementary Material 
 

Supplemental Results 1.We observed a systematic left item fixation-bias early in the 

choice process as demonstrated with EOG derived viewing data (Fig. S1A). Participants 

systematically fixated on the left item first. Therefore, the processing of its value may be more 

susceptible to value certainty, and hence it may have a stronger influence on choice dynamics. If 

this were true, all else being equal, choices should be biased towards the left item for shorter RTs 

and towards the right item for longer RTs. Indeed, when adding RT as a predictor to the choice 

probability model reported in the main text, we found that longer RTs significantly predicted 

increased probability to choose the right item, b = .14, t = 2.38, p = .017 (Fig. S1B). Thus, while 

somewhat speculative, the strategic value-independent eye-movement behavior might explain the 

asymmetric certainty effects on choice. 

 
 
Table S1 

Component loadings for choice variables 
Indicator PC 1 loadings PC 2 loadings 

Chosen Value 0.527 -0.270 
Unchosen Value 0.532 0.249 
OV 0.530 -0.010 
Salience -0.014 0.595 
VD -0.006 -0.516 
Liking 0.386 0.035 
Anxiety 0.082 0.305 
Confidence 0.046 -0.386 
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Table S2 

Results from indicator variables confirm stimulus – response dissociation for appraisal and 

choice  

 Stimulus locked Response locked 

Variable Peak electrode, 
(time) 

Cluster sign (p) Peak 
electrode,(time) 

Cluster sign (p) 

Liking CP3 (750 ms) Positive (.008) - - 
OV - - - - 
VD - - F1 ( -650) 

O2 (-710) 
Negative (.002) 
Positive (.002) 

Chosen Value - - AF3 ( -714) 
FC5 (-594) 
O2 ( -722) 

Negative (.002) 
Negative (.006) 
Positive (.000) 

Unchosen Value - - P5 ( -818) 
F2 ( -794) 

Negative (.020) 
Positive (.028) 

Confidence - - F1 ( -882) 
O1 (-878) 
P5 ( -566) 

Negative (.006) 
Positive (.004) 
Positive (.020) 

Anxiety - - - - 
 
 

 

Figure S1. Fixations and fast choices are biased towards the left item. A. Intercept and value 
difference effects on electrooculogram derived fixations. Participants systematically fixate on the left item 
first. They shift their gaze to the right item faster, as its relative value increases. B. All else being equal, 
fast choices are biased towards the left item. This bias reverses for longer RTs. Lines represent predicted 
effects from linear mixed effects regressions. Shaded error bars represent standard error of the mean.   
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